Antibodies targeting immune checkpoints are emerging as potent and viable cancer therapies, but not all patients respond to these as single agents. Concurrently targeting additional immunosuppressive pathways is a promising approach to enhance immune checkpoint blockade, and bifunctional molecules designed to target two pathways simultaneously may provide a strategic advantage over the combination of two single agents. M7824 (MSB0011359C) is a bifunctional fusion protein composed of a monoclonal antibody against programmed death ligand 1 (PD-L1) fused to the extracellular domain of human transforming growth factor- (TGF-) receptor II, which functions as a "trap" for all three TGF- isoforms. We demonstrate that M7824 efficiently, specifically, and simultaneously binds PD-L1 and TGF-. In syngeneic mouse models, M7824 suppressed tumor growth and metastasis more effectively than treatment with either an anti-PD-L1 antibody or TGF- trap alone; furthermore, M7824 extended survival and conferred long-term protective antitumor immunity. Mechanistically, the dual anti-immunosuppressive function of M7824 resulted in activation of both the innate and adaptive immune systems, which contributed to M7824's antitumor activity. Finally, M7824 was an effective combination partner for radiotherapy or chemotherapy in mouse models. Collectively, our preclinical data demonstrate that simultaneous blockade of the PD-L1 and TGF- pathways by M7824 elicits potent and superior antitumor activity relative to monotherapies.
INTRODUCTION
Targeting tumor immune suppression pathways represents a paradigm shift in clinical oncology (1, 2) . Programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) are key components of an immunosuppressive network that dampens T cell activity in normal physiology but can be exploited by tumors to suppress T cell-mediated antitumor immune responses (2, 3) . Increased PD-L1 expression in tumors has been associated with poor clinical outcomes (2, (4) (5) (6) . Antibodies directed against PD-1 and PD-L1 have effected striking and durable improvements in survival for patients with melanoma (7) (8) (9) , lung cancer (10) (11) (12) , renal cell cancer (13) , Merkel cell carcinoma (14) , urothelial cancer (15) (16) (17) , head and neck cancer (18, 19) , and several other indications.
Despite promising clinical activity, only a minority of patients respond to anti-PD-1/PD-L1 therapies. Thus, there is an urgent need to improve objective response rates. One strategy is to combine anti-PD-L1/PD-1 with other immunotherapies (20) , as exemplified by the combination of anti-PD-1 and anti-CTLA-4, which has been approved for advanced melanoma (8, 21) .
In normal physiology, the regulatory cytokine transforming growth factor- (TGF-) functions to maintain immunological self-tolerance (22) (23) (24) . However, TGF- can promote tumor progression and facilitate tumor immune evasion through its effects on the innate and adaptive immune systems. The three TGF- isoforms, TGF-1, TGF-2, and TGF-3 (22, 24) , are highly expressed in many tumor types, and their serum concentrations correlate with poor clinical outcome (24) (25) (26) . TGF- functions as an autocrine or paracrine signal within the tumor microenvironment, where it promotes tumor progression via stromal modification, angiogenesis, and induction of epithelial-mesenchymal transition (EMT) (27) (28) (29) . TGF- signaling in myeloid cells is also critical in driving metastasis (30) . In addition, TGF-1 can directly inhibit T cell division and acquisition of effector function and natural killer (NK) cell function (31) (32) (33) (34) (35) .
Dual targeting of PD-L1 and TGF- represents a rational therapeutic strategy because PD-L1 and TGF- are key pathways with independent and complementary immunosuppressive functions. The respective roles of PD-L1 and TGF- in tumor cell-intrinsic and tumor cell-extrinsic pathways raise the possibility of superior antitumor activity compared with monotherapies. For example, T helper 1 (T H 1) cytokine production was restored most effectively when PD-1 blockade was combined with TGF- inhibition (36) . Furthermore, because the up-regulation of TGF- signaling-associated genes has been linked to anti-PD-1 resistance in metastatic melanoma (37) , blockade of TGF- signaling may target mechanisms of resistance and sensitize tumors to anti-PD-1/PD-L1 therapies.
Resistance to checkpoint blockade immunotherapy has raised several therapeutic challenges, including identifying which additional pathways to target, developing regimens to practically target two or more specific molecules, and controlling the high clinical development costs associated with deploying multiple single agents. To address these issues, we developed M7824 (MSB0011359C), a bifunctional fusion protein designed to simultaneously block the PD-L1 and TGF- pathways. M7824 is a fully human immunoglobulin G1 (IgG1) monoclonal antibody against human PD-L1 fused to the extracellular domain of human TGF- receptor II (TGF-RII), which functions as a TGF- trap. The anti-PD-L1 moiety of M7824 is based on avelumab (MSB0010718C), which has been approved for the treatment of Merkel cell carcinoma (14) and urothelial cancer (17) . Here, we characterized the biochemical activity of M7824 and evaluated its antitumor activity in mouse tumor models.
RESULTS
M7824 is a bifunctional fusion protein designed to simultaneously block PD-L1 and TGF- pathways M7824 is a recombinant anti-PD-L1 antibody-TGF-RII fusion protein (Fig. 1A) . The light chain of the molecule is identical to the light chain of avelumab. The heavy chain of M7824 is a fusion protein composed of the heavy chain of avelumab containing three amino acid substitutions in the constant regions that result in a different IgG1 allotype, genetically fused via a flexible (Gly 4 Ser) 4 Gly linker to the N terminus of the soluble extracellular domain of TGF-RII (amino acids 1 to 136) (38) . At the fusion junction, the Cterminal lysine residue of the antibody heavy chain was mutated to alanine to reduce potential proteolytic cleavage.
The concept behind the bifunctional M7824 molecule was to simultaneously target a receptor (PD-L1) and a soluble ligand (TGF-) to block tumor cell-intrinsic and tumor cell-extrinsic immunosuppressive pathways, respectively. With this approach, dosing can be based on an optimal PD-L1 target occupancy (TO) of 90 to 95%, which puts the trap moiety in vast excess of the active TGF- concentration in cancer patients (39, 40) . This approach also avoids the constraints of using a bispecific antibody to cotarget two cellular receptors, which would have different receptor densities and cellular locations. The use of the natural receptor TGF-RII as a ligand trap ensures neutralization with high avidity; this is supported by a structural model showing that the obligatory dimeric conformation of the receptors at the C terminus of the antibody allows bivalent binding of the TGF- homodimer (Fig. 1B) . Furthermore, targeting of the anti-PD-L1 moiety to the tumor should localize the trap moiety to the tumor microenvironment, enabling it to sequester autocrine or paracrine TGF-. TGF- complexed with the TGF-RII moiety of M7824 cannot cause immunosuppression because M7824 lacks the cytoplasmic domain of TGF-RII, which is required to phosphorylate TGF-RI to initiate the signaling cascade (38) . Furthermore, more than 30% of M7824 was internalized 4 hours M7824 is composed of a fully human programmed death ligand 1 (PD-L1) immunoglobulin G1 (IgG1) monoclonal antibody and a transforming growth factor- (TGF-)-neutralizing trap moiety, fused to the CH 3 -C terminus of the IgG via a flexible (Gly 4 Ser) 4 Gly linker. (B) Computer-generated model of an Fc1 (gray) linked by a (Gly 4 Ser) 4 Gly linker (red) to the ex tracellular domain of TGF-RII (brown). Both TGF-RII moieties can simultaneously bind a disulfide-linked TGF-3 homodimer (cyan/green) (97) . (C) Binding of M7824 to PD-L1 on human embryonic kidney (HEK) 293 cells ectopically overexpressing PD-L1. Cells were incubated with serial dilutions of M7824, anti-PD-L1, or trap control, followed by a fluorophore-conjugated anti-human IgG secondary antibody. Flow cytometry measured mean fluorescence intensity (MFI) (n = 2 technical replicates). (D) Binding of M7824 to plate-bound TGF-. Serial dilutions of anti-PD-L1 or M7824 were incubated with plate-bound TGF-1, TGF-2, or TGF-3, and binding was assessed via anti-human IgG enzyme-linked immunosorbent assay (ELISA) (n = 2 technical replicates). (E) Binding of M7824 to TGF-2 in solution. Serial dilutions of soluble human recombinant TGF-2 were incubated with plate-bound M7824 or anti-PD-L1, and binding was assessed via anti-TGF-2 ELISA (n = 2 technical replicates). (F) Simultaneous binding of M7824 to PD-L1 and TGF-1. PD-L1-Fc-coated plates were incubated with serial dilutions of M7824 or trap control, followed by biotinylated TGF-1. Binding was evaluated using streptavidin-horseradish peroxidase. Optical densities (OD) were read at 450 nm. Data are means ± SD, and nonlinear best fits are shown (n = 2 technical replicates). All experiments were repeated at least twice.
after incubation with human embryonic kidney (HEK) 293 cells ectopically expressing PD-L1 (fig. S1); this may provide a mechanism for the clearance of M7824-bound TGF-. Finally, the cross-reactivity of the human anti-PD-L1 moiety to murine PD-L1 (41) and of the TGF-RII moiety to murine TGF- (42) allows the evaluation of M7824 in immunocompetent syngeneic tumor models.
M7824 binds efficiently and specifically to PD-L1 and TGF- M7824 bound ectopically expressed PD-L1 on HEK293 cells with a profile similar to that of the anti-PD-L1 antibody [half-maximal effective concentration (EC 50 ) = 48 (average of three lots) and 34 ng/ml, or 0.27 and 0.24 nM, respectively], indicating that the binding of the anti-PD-L1 moiety was not affected. By contrast, no binding activity was observed when the anti-PD-L1 moiety of M7824 was mutated [anti-PD-L1(mut)/TGF- trap, hereafter referred to as the "trap control"] (Fig. 1C) . In enzymelinked immunosorbent assays (ELISAs), M7824 bound plate-bound TGF-1 and TGF-3 (EC 50 = 215.3 and 651.4 ng/ml, respectively), but not plate-bound TGF-2 (Fig. 1D ), due to low intrinsic binding affinity between TGF-2 and TGF-RII (43) . M7824 bound TGF-2 only when TGF-2 was in solution, presumably because this allowed the TGF-2 homodimer to engage in bivalent avidity binding with the obligatory TGF-RII dimer in M7824 (EC 50 = 26.5 ng/ml) (Fig. 1E) . In a two-step ELISA, M7824 captured by plate-bound PD-L1 simultaneously bound TGF-1 in solution with an EC 50 of 7.1 ng/ml (Fig. 1F) , which was ≈30-fold lower than the EC 50 of 215.3 ng/ml when TGF-1 was platebound ( Fig. 1C ).
M7824 inhibits PD-L1 and TGF- signaling in vitro
In an in vitro superantigen stimulation assay with human peripheral blood mononuclear cells (PBMCs), M7824, but not the trap control, enhanced T cell activity [measured by interleukin-2 (IL-2) production] in a dose-dependent manner (EC 50 = 71.6 ng/ml) ( Fig. 2A) . In addition, M7824, but not anti-PD-L1, blocked TGF- canonical signaling [half-maximal inhibitory concentration (IC 50 ) = 38.3 ng/ml] in a TGF- SMAD luciferase reporter assay in transfected 4T1 cells (Fig. 2B ).
M7824 showed nonlinear pharmacokinetics, depleted TGF- in vivo, achieved high PD-L1 TO, and reduced phosphorylated SMAD2 within the tumor M7824 showed nonlinear pharmacokinetics in mice bearing EMT-6 breast tumors treated with single doses of M7824 (Fig. 2C) . As M7824 dose increased, plasma clearance decreased. Analysis of PD-L1 TO in EMT-6 tumors showed that the maximal TO was >90%. Consistent with pharmacokinetics, TO remained >90% even at the last time point examined (360 hours) for the high dose cohort (Fig. 2D) , demonstrating the effective tumor targeting by M7824. TGF-1 and TGF-2 were depleted from the plasma of EMT-6 tumor-bearing mice upon M7824 treatment, even at the lowest dose tested (55 g). TGF-1 and TGF-2 concentrations began rising 24 hours after treatment at this low dose (55 g) of M7824, but at higher doses, depletion persisted throughout all time points tested (2 to 192 hours IL-2 (pg/ml) 492 g) or isotype control (400 g) on day 0. Plasma was collected 2, 6, 24, 48, 72, and 192 hours after treatment or from treatment-naive mice. Mean TGF-1, TGF-2, and TGF-3 concentrations were determined using a Multiplex Discovery assay (n = 3 mice per time point). All experiments were repeated at least twice.
of 15
after administration) (Fig. 2E) . By contrast, TGF-3 concentration was transiently reduced at the 2-hour time point but subsequently remained at control levels through the 80-hour time point. Because the physiological concentration of TGF-3 is very low, these results may reflect low assay sensitivity rather than the ability of M7824 to deplete TGF-3 in vivo. M7824 treatment significantly lowered phosphorylated SMAD2 (pSMAD2) in MC38 tumors relative to isotype control at 2, 4, and 48 hours after treatment (P = 0.0020, P = 0.0005, and P = 0.0071, respectively), as shown by anti-pSMAD2 immunohistochemistry (IHC) ( fig. S2 ). Treatment with a TGF- receptor I (TGF-RI) kinase inhibitor, used as a positive control, decreased pSMAD2 at 1 to 4 hours after treatment, but pSMAD2 returned to levels near those of isotype control by 48 hours. The incomplete reduction of pSMAD2 is not unexpected, given that the phosphorylation of receptor-regulated SMADs can be induced by TGF- superfamily ligands other than TGF-1 to TGF-3 (22) .
The trap control exhibits antitumor activity in vivo
As an initial proof of concept for the TGF- trap moiety, we investigated the antitumor activity of the trap control in a Detroit 562 human pharyngeal carcinoma xenograft model, which is dependent on TGF- for tumor growth (44) . Treatment with the trap control elicited a dosedependent reduction in tumor volume compared with the isotype control (P < 0.0001 for high dose versus equimolar isotype control; day 25 after treatment start), demonstrating the anti tumor activity of the TGF- trap molecule alone and supporting the further testing of the TGF- moiety when fused to anti-PD-L1 in M7824 ( fig. S3 ).
M7824 treatment induces tumor regression in mouse models
Because M7824 is a recombinant human protein, it induces a strong immunogenic response in immunocompetent mice if dosed repeatedly for more than 6 days. Therefore, B cell-deficient mouse strains (Jh and Mt − ) were used for in vivo studies to enable testing of clinically relevant repeat dosing schedules, unless otherwise indicated.
Anti-PD-L1 or trap control treatment partially inhibited tumor growth in an EMT-6 orthotopic breast tumor model. Treatment with M7824 resulted in superior tumor regression compared to treatment with an equimolar dose of either anti-PD-L1 (P = 0.0109; day 24) or the trap control (P < 0.0001; day 24) and was comparable to combination therapy with anti-PD-L1 and the trap control (Fig. 3A) . M7824 treatment also resulted in tumor regression in more mice (92%, 12 of 13 mice) than treatment with equimolar doses of either anti-PD-L1 (54%, 7 of 13 mice) or the trap control (8%, 1 of 13 mice) and about the same number of mice as the combination therapy with anti-PD-L1 and the trap control (100%, 13 of 13 mice) ( fig. S4A ). Tumor regression was rapid and pervasive upon M7824 treatment; although tumors continued to grow early after treatment initiation, possibly due to immune cell infiltration, tumors began regressing by day 11 from volumes as large as 500 mm 3 ( fig. S4A ). In the MC38 colorectal cancer model, the trap control alone had no antitumor activity. Although anti-PD-L1, at either dose, had statistically significant antitumor activity (P < 0.0001 both doses; day 15), M7824 inhibited tumor growth more strongly than did 133 or 400 g of anti-PD-L1 (P < 0.0001 both doses; day 15) or the trap control (P < 0.0001; day 15) (Fig. 3B) , suggesting a more than additive antitumor effect of M7824. Over 171 days of observation, complete tumor regression was observed in 88% (seven of eight) and 50% (four of eight) of the mice treated with 492 or 164 g of M7824, respectively, compared with no mice (zero of eight) treated with anti-PD-L1 (133 or 400 g) or the trap control alone (164 g) and only 25% (two of eight) of mice treated with a combination of anti-PD-L1 and trap control ( fig.  S4B ). The antitumor efficacy of M7824 was also significantly greater than that of combination therapy with anti-PD-L1 and the trap control (P < 0.0001; day 15), although the serum exposure of the trap control was about three times higher than that of M7824 ( fig. S5 ), likely because the trap control does not bind PD-L1 + cells and internalize. M7824 treatment also demonstrated superior antitumor efficacy in subcutaneous tumor models ( fig. S6 ). In EMT-6 tumor-bearing mice, M7824 treatment significantly inhibited tumor growth relative to an equimolar dose of either the trap control (P < 0.0001; day 18) or anti-PD-L1 (P = 0.0088, every other day dosing, or P < 0.0001, twice per week dosing of M7824; day 18) and prolonged survival ( fig. S6 , A to C). In MC38 tumor-bearing mice, M7824 treatment (164-and 492-g doses) significantly reduced tumor volume relative to an equimolar dose of trap control (P < 0.0001 both doses; day 19) or anti-PD-L1 (P < 0.0001 both doses; day 19) and reduced tumor weight at day 19 relative to trap control (P = 0.0002 and P < 0.0001, respectively) and anti-PD-L1 treatment (P = 0.0152 and P < 0. To further confirm the antitumor activity of M7824, we also performed experiments in wild-type, non-B cell-deficient mice. We tested the effects of single doses (164 and 492 g) of M7824, which would not induce high titers of antidrug antibodies, in the MC38 and EMT-6 tumor models. Under these more limited therapy conditions, the 492-g dose of M7824 still exhibited superior antitumor activity compared to anti-PD-L1 in mice bearing MC38 (P = 0.0010; M7824 suppresses spontaneous metastasis in an orthotopic breast cancer mouse model TGF- plays a key role in promoting tumor metastasis (22) . In EMT-6 tumor-bearing wild-type mice, a single dose of M7824 more effectively reduced the number and incidence of spontaneous lung tumor metastases than did treatment with anti-PD-L1 (P = 0.0115, number of nodules) or the trap control (P < 0.0001, number of nodules) (Fig. 3 , C and D). M7824 treatment also decreased the incidence and number of lung metastases in orthotopic 4T1 and Renca tumor models ( fig. S8 ).
M7824 provides long-term protective antitumor immunity in tumor rechallenge mouse models M7824 treatment markedly extended survival in the EMT-6 orthotopic model relative to isotype control treatment; all M7824-treated mice (nine of nine) survived through the observation period (218 days off treatment) compared with none (zero of nine) of the isotype control-treated mice (median survival, 21 days) (Fig. 3E ). When M7824-cured mice were rechallenged subcutaneously with EMT-6 cells without additional M7824 treatment, they did not develop tumors, whereas treatment-naive mice rapidly developed tumors (Fig. 3E) .
Similarly, M7824 treatment extended survival in MC38 tumorbearing mice (Fig. 3F ). Most (80%, 8 of 10) of the M7824-treated mice survived through the observation period (77 days off treatment) compared with none of the isotype control-treated mice (0 of 10 mice; median survival, 12 days). M7824-cured mice rechallenged with subcutaneously implanted MC38 cells showed little to no tumor growth (Fig. 3F) . Together, these data suggest that M7824 treatment conferred a long-term protective immunity that extends survival in mouse models.
M7824 elicits a distinct immunophenotypic signature in tumor-bearing mice
In EMT-6 tumor-bearing Jh mice, M7824 increased the density (cell number per 100-mg tumor weight) of CD8 + tumor-infiltrating lymphocytes (TILs) compared with anti-PD-L1 (P = 0.0133) or trap control (P =0.0416) (Fig. 4A) , as assessed by flow cytometry analysis. M7824 treatment also increased the density of early activated and proliferating CD8
+ TILs relative to anti-PD-L1 (P = 0.0162 and P = 0.0019, respectively) or trap control (P = 0.0119 and P = 0.0075, respectively) (Fig. 4 , B and C). In addition, M7824 treatment increased the density of CD8 + T cells expressing T-bet, a transcription factor important for T cell maturation, relative to anti-PD-L1 (P = 0.0092) or trap control (P = 0.0127) (Fig. 4D) , and the density of CD8 + effector memory T cells (T EM ) relative to anti-PD-L1 (P = 0.0130) or trap control treatment (P = 0.0437) (Fig. 4E) .
In addition to its effects on CD8 + T cells, M7824 treatment also increased the density of tumor-infiltrating NK cells (TINKs) relative to anti-PD-L1 (P = 0.0006) and trap control (P < 0.0001) (Fig. 4F) . The density of TINKs expressing T-bet or EOMES, a maturation marker analogous to T-bet, also increased with M7824 treatment relative to anti-PD-L1 (P < 0.0001 and P = 0.0039, respectively) or trap control (P < 0.0001 and P = 0.0020, respectively) (Fig. 4, G and H) . The density of degranulating TINKs and of TINKs expressing granzyme B, a critical mediator of cytotoxicity, also increased after M7824 treatment relative to trap control (P = 0.0293 and P = 0.0146, respectively) (Fig. 4 , I and J). As measured by flow cytometry, M7824 treatment also increased the density of TINKs expressing the activating receptors NKG2D or NKp46 or the NK growth factor receptor IL-2R relative to anti-PD-L1 (P = 0.0012, P = 0.0010, and P = 0.0007, respectively) or trap control (P = 0.0018, P = 0.0020, and P = 0.0012, respectively) ( cells (TADCs) and of mature TADCs relative to anti-PD-L1 (P < 0.0001 and P = 0.0003, respectively) and trap control (P = 0.0060 and P = 0.0307, respectively) (Fig 4, N and O) . In addition, M7824 decreased the density of tumor-associated neutrophils (TANs) and increased the density of tumor-associated monocytes relative to anti-PD-L1 (P = 0.0146 and P < 0.0001, respectively) or trap control (P = 0.0260 and P < 0.0001, respectively) ( Fig. 4, P and Q) . Finally, M7824 treatment increased the density of M 1 macrophages relative to anti-PD-L1 (P = 0.0097) or trap control (P = 0.0243) (Fig. 4R ) but did not significantly increase the ratio of M 1 to M 2 macrophages (M 1 /M 2 ) relative to anti-PD-L1 or trap control (Fig. 4S) . M7824 treatment significantly decreased the density of tumor-associated macrophages (TAMs) expressing PD-1, relative to iso type control, whereas anti-PD-L1 monotherapy did not (Fig. 4T) ; this is meaningful, given the reduced phagocytic capacity and antitumor activity of PD-1 + TAMs (45) . In a separate set of flow cytometry experiments, the proportions of mature dendritic cells (DCs) and CD8 + T cells-expressing EOMES positively correlated with M7824 dosage and dosing frequency in the EMT-6 tumor model ( fig. S9 ). IHC analysis of EMT-6 tumor-bearing Jh mice also revealed an increase in the percentage of CD8 + TILs with M7824 treatment relative to anti-PD-L1 (Fig. 4 , U and V).
We also analyzed immunophenotypic changes in the MC38 model. In MC38 tumor-bearing wild-type mice, M7824 treatment increased the proportions of CD8 + TILs and CD8 + TILs-expressing T-bet relative to anti-PD-L1 and trap control ( fig. S10, A and B) . M7824 also increased the proportion of CD8 + TILs specific for p15E (an endogenous retroviral antigen expressed in MC38 tumor cells), of CD8 + T EM , and of TINKs relative to trap control (fig. S10, C to E). M7824 treatment also decreased the proportions of TANs relative to anti-PD-L1 and of tumor-associated myeloid-derived suppressor cells relative to anti-PD-L1 or trap control ( fig. S10, F and G) .
M7824 promotes the expression of immune cell signature genes
To examine changes in gene expression induced by M7824 treatment, we analyzed EMT-6 tumor tissue by RNA sequencing (RNA-seq) (Fig. 5A ). Compared to isotype control treatment, M7824 resulted in differential expression (defined as P < 0.05 and a fold change of >1.5:1) of 3,605 of 39,012 genes evaluated. Anti-PD-L1 resulted in a similarly high number (4064) of differentially expressed genes, whereas trap control treatment resulted in 720 differentially expressed genes. These findings suggest that most of the gene expression changes induced by M7824 were mediated by its anti-PD-L1 moiety. Pathways up-regulated by M7824 treatment relative to isotype control include interferon- (IFN-) response and extracellular matrix remodeling.
To further evaluate the effects of M7824 treatment on the immune infiltrate, we quantified the expression of gene signatures associated with distinct immune cell types (Fig. 5, B to E) and IFN- and IFN- responses (Fig. 5, F and G) . The genes comprising each immune signature are listed in table S1; immune cell signatures are based on published lists (46, 47) , and IFN response genes are from the Broad Institute's hallmark gene sets (48) . M7824 treatment increased signature scores, defined as the mean log 2 (fold change) among all genes in the signature, for T cells, NK cells, macrophages, and DCs relative to anti-PD-L1 (P < 0.0001, P < 0.0001, P = 0.0207, and P = 0.0010, respectively) or the trap control (P = 0.0042, P = 0.0019, P = 0.0008, and P < 0.0001, respectively) (Fig. 5, B to E). M7824 also increased the expression of IFN- and IFN- response signatures relative to anti-PD-L1 (P = 0.0007 and P < 0.0001, respectively) or the trap control (P = 0.0301 and P = 0.0004, respectively) (Fig. 5, F and G) .
Analysis of individual genes revealed that M7824 treatment increased the expression of granzyme A (GzmA), granzyme B (GzmB), and perforin 1 (Prf1), which are critical mediators of CD8 + T cell and NK cell cytotoxicity (49), relative to anti-PD-L1 (P = 0.0045, P < 0.0001, and P < 0.0001, respectively) and trap control (P = 0.0195, P = 0.0432, and P = 0.0268, respectively) (Fig. 5, H to J, and heat map inset in Fig. 5A ).
CD8 + T cells and NK cells mediate the antitumor activity of M7824
In a series of antibody-based immune cell depletion studies in MC38 tumor-bearing mice, we found that the antitumor efficacy of M7824 was abrogated by the depletion of CD8 + T cells with an anti-CD8 (2.43) antibody and by the depletion of NK cells with an anti-NK (ASGM1) antibody (Fig. 6A) . By contrast, CD4 + T cell depletion with anti-CD4 (GK1.5) did not hinder the antitumor efficacy of M7824 (Fig. 6A and fig. S11A ).
Because M7824 contains a fully human IgG1, it has the potential to mediate antibody-dependent cellular cytotoxicity (ADCC) against PD-L1-expressing tumor cells as a secondary mechanism of tumor growth inhibition. However, we observed no difference in antitumor activity between MC38 tumor-bearing mice treated with M7824 and those treated with an aglycosylated M7824 (through mutation to remove the N-glycan in the CH 2 region), which was confirmed to be devoid of effector function in vitro (Fig. 6, B and C, and fig. S11B ). These findings suggest that ADCC did not play a major role in the antitumor activity of M7824 and are consistent with the weaker ADCC activity of M7824 in vitro compared to anti-PD-L1 (Fig. 6B) .
M7824 treatment reduces -SMA expression in mouse tumors
Increased TGF- activity induces the expression of -smooth muscle actin (-SMA), a marker of cancer-associated fibroblasts (CAFs), which can contribute to drug resistance and are emerging as immuno therapy targets (50, 51) . To evaluate whether M7824 treatment altered -SMA expression, we performed -SMA IHC on EMT-6 tumor sections (Fig. 7) . M7824 treatment significantly reduced -SMA expression relative to isotype control or anti-PD-L1 treatment (P = 0.0080 and P = 0.0197, respectively) but not to the trap control (Fig. 7, B and  D) , suggesting that the trap moiety was likely the primary mediator of reduced -SMA expression after M7824 treatment.
We next used picrosirius red staining to investigate the effect of M7824 treatment on the deposition of collagen, a fibrous protein produced by CAFs. Although quantitative analysis did not show significant reduction in picrosirius red staining with M7824 treatment relative to isotype control (Fig. 7E) , collagen deposition seen in the IHC images suggests that there may be morphological differences between control and M7824-treated tumors (Fig. 7C) . Specifically, the collagen network in isotype control-treated tumors appears to have thicker fibers that are densely arranged, compared with the less structured collagen network structure seen in M7824-treated tumors. A similar reduction in collagen networks was observed after trap control or anti-PD-L1 treatment relative to isotype control (Fig. 7C) , possibly resulting from reduced CAF activity.
M7824 is an effective combination partner for radiotherapy or chemotherapy in mouse models
Previous studies have shown that radiation and chemotherapy can induce TGF- (52, 53) and enhance PD-L1 expression (54-56), suggesting that M7824 may be effective in combination therapy regimens. In MC38 tumor-bearing mice, treatment with a single low dose of M7824 or local fractionated radiation moderately reduced tumor volume and tumor weight compared with isotype control treatment (Fig. 8, A and B) . However, combination therapy with M7824 and radiation reduced tumor volume and tumor weight relative to M7824 (P < 0.0001 and P = 0.0014, respectively; day 10) or radiation therapy alone (P < 0.0001 and P < 0.0001; days 10 and 14, respectively) (Fig. 8, A and B, and fig. S12A ). Enzyme-linked immunospot (ELISpot) analysis showed that mice treated with the combination therapy had an increased frequency of p15E-reactive, IFN--producing CD8 + T cells compared with M7824 (5.3-fold; P < 0.0001) or radiation therapy alone (6.7-fold; P < 0.0001), whereas mice treated with either monotherapy did not have a significant induction relative to isotype control (Fig. 8C) .
Localized radiation therapy can elicit anticancer effects at distal sites, a phenomenon known as the abscopal effect. To test whether M7824 can potentiate the abscopal effect of radiation therapy, C57BL/6 mice were inoculated with MC38 cells at two sites to generate a primary, intramuscular MC38 tumor in the thigh and a secondary, subcutaneous MC38 tumor on the opposite flank (Fig. 8D) . Localized fractionated radiation was applied only to the primary tumor. As expected, combination therapy with radiation and a single dose of M7824 reduced primary tumor volume relative to M7824 or radiation alone (P < 0.0001 for both; day 14) (Fig. 8E and fig. S12B ). However, combination therapy also reduced secondary tumor volume relative to M7824 or radiation alone (P = 0.0066 and P = 0.0006, respectively; day 14) (Fig. 8F and fig. S12C ), indicating that M7824, together with radiation, induced an Signature scores [defined as the mean log 2 (fold change) among all genes in the signature] are presented as box plots. P values were generated with the ROAST method (96) . (H to J) Gene expression [transcript parts per million (TPM)] was evaluated for GzmA (H), GzmB (I), and Prf1 (J). False discovery rate-corrected P values were determined by DESeq2 (98). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 denote a significant difference relative to the M7824 treatment.
abscopal effect. Neither radiation alone nor a single low dose of M7824 alone inhibited secondary tumor growth relative to vehicle treatment. Neither anti-PD-L1 nor trap control significantly potentiated the abscopal effect of radiation in the MC38 model ( fig. S13 ). Combination treatment with M7824 and the chemotherapies oxaliplatin and 5-fluorouracil (Ox/5-FU) reduced tumor volume and tumor weight more effectively than M7824 monotherapy (P < 0.0001 and P = 0.0007, respectively; day 18) or Ox/5-FU (P < 0.0001 and P = 0.0065, respectively; day 18) (Fig. 8, G and H, and fig. S14 ). Combination treatment with M7824 and Ox/5-FU also increased the frequency of p15E-reactive, IFN--producing CD8 + T cells compared with M7824 (2.9-fold; P = 0.0003) or Ox/5-FU therapy alone (3.4-fold; P = 0.0002), neither of which had a significant effect relative to isotype control (Fig. 8I) .
DISCUSSION
TGF- can play both tumor-promoting and tumor-suppressive roles, depending on the tumor type and stage, genetic/epigenetic changes in the TGF- pathway, and the larger microenvironmental context (22, 27, 57) . This duality has called into question the targeting of TGF- as a therapeutic strategy in cancer (57) . However, during malignant progression, certain tumors become resistant to the cytostatic effects of TGF- and instead subvert the pathway to promote EMT (58) . Tumor cells also often lose direct responsiveness to TGF- because TGF-R is mutated, deleted, or down-regulated (59, 60) . Under such conditions, TGF- instead acts directly on immune cells, inhibiting their antitumor activity and driving the transition of TGF- from a tumorsuppressive to a tumor-promoting role (31, 32) .
The bifunctional nature of M7824 allows the targeting of both TGF- and PD-1/PD-L1 immunosuppressive pathways simultaneously. Although the antitumor activity of the trap control and anti-PD-L1 monotherapies varied between tumor models, M7824 treatment demonstrated superior antitumor activity relative to monotherapies, even in models in which trap control or anti-PD-L1 treatment alone did not trigger substantial antitumor responses. Some potential limitations to our study are that, due to the immunogenicity of M7824 in mice, the number of doses that can be administered to wild-type mice is limited and that, to allow repeated dosing beyond 1 week, we had to use B cell-deficient mouse strains. The fact that we observed robust antitumor activity of M7824 in both wild-type and B cell-deficient mice suggests that B cell-deficient mice are appropriate hosts for MC38 and EMT-6 tumor models.
The superior efficacy of M7824 could be mediated by related but nonredundant functions of the TGF- and PD-1/ PD-L1 pathways. In our studies, depletion of CD8 + T cells or NK cells eliminated the antitumor activity of M7824, suggesting major roles for these two cell types in the antitumor effects of M7824. Immunophenotypic and RNA-seq analyses suggest that M7824 promoted the antitumor effects of CD8 + T cells and NK cells by enhancing their cytotoxic activity, con sistent with previous reports of enhanced cytotoxic activity of these cells after individual blockade of PD-L1/PD-1 or TGF- (34, 35, (61) (62) (63) (64) (65) . These results align with previous findings that TGF- signaling in T cells directly regulates their expression of Prf1, GzmA, and GzmB, among other genes involved in cytotoxicity (34) . TGF- also inhibits granzyme expression in NK cells (65, 66) .
Despite the importance of NK cells to M7824's antitumor activity, ADCC, which is primarily mediated by NK cells, did not contribute significantly. This can be partly explained by our in vitro data showing that M7824 has reduced ADCC relative to anti-PD-L1, presumably because the Fc in the antibody fusion protein is less accessible for Fc gamma receptor engagement. Because TGF- suppresses the expression of NK cell-activating receptors such as NKp46 (67) and NKG2D (68) , NK cells relieved of TGF--mediated immunosuppression may contribute to the antitumor activity of M7824 through enhanced spontaneous killing and antigen presentation by DCs. This therapeutic enhancement of NK cell effector function may also contribute to the decreased metastasis seen in M7824-treated mice, consistent with a study showing that the inhibition of TGF- signaling promoted NK cell-mediated suppression of metastasis (35) . Our finding that M7824 treatment increases the number of NK cells expressing activating receptors supports this hypothesis.
The antitumor effects of M7824 may also involve several myeloid cell populations. PD-L1, in addition to being expressed in cancer cells, is highly expressed in antigen-presenting cells in the tumor microenvironment (69) . PD-L1 blockade in myeloid DCs is crucial in enhancing their activation of T cells, suggesting an important role for myeloid cells in the mechanism of action of anti-PD-L1 therapies (70) . We found that M7824 treatment increased the density of tumor-associated DCs and M 1 macrophages, reduced the density of neutrophils, and increased the proportion of mature splenic DCs. Roles for DCs and macrophages are further supported by our RNA-seq data showing that M7824 treatment increased the expression of genes associated with these cell types. Given that TAM phagocytic potency can be enhanced by PD-1 blockade and negatively correlates with their expression of PD-1 (45, 71) , the decreased number of PD-1-expressing TAMs after M7824 treatment may also contribute to the antitumor effect of M7824. Furthermore, the decreased incidence and number of metastases seen with M7824 treatment compared with monotherapies are consistent with the known role of TGF- in promoting the EMT (22) and with studies suggesting a link between PD-L1 and the EMT (72) (73) (74) . A recent publication has shown that M7824 reverts the EMT of human lung cancer cells (75) . In addition, the reduced -SMA expression and changes in collagen deposition observed after M7824 or trap control treatment are consistent with previous studies showing that the blockade of TGF- signaling reduces tumor stroma content, expression of extracellular matrix proteins, and fibroblast activation (76) (77) (78) (79) . Given the role of CAFs in promoting metastasis, it is possible that M7824 treatment reduces metastasis, in part, through inhibitory effects on CAFs.
Neutralization of TGF- with M7824 can potentially increase therapeutic efficacy and reduce the safety concerns associated with other therapies targeting the TGF- pathway, such as anti-TGF- antibodies, anti-TGF- receptor antibodies, and TGF-RI kinase inhibitors (80) (81) (82) . In a phase 1 study of an anti-TGF-RII human IgG1 monoclonal antibody (LY3022859), dose escalation beyond 25 mg (flat dose) was considered unsafe because of uncontrolled cytokine release, despite prophylactic treatment (83) . In addition, in a phase 1 study of the TGF- antibody fresolimumab (GC1008), treatmentemergent cutaneous lesions with characteristics of keratoacanthomas (KAs) were observed, as well as a single case of squamous cell carcinoma (84) . Although these KAs were benign and reversible after treatment completion, they underscored the importance of monitoring adverse events with TGF- inhibition therapy. In a phase 1 clinical trial of M7824, a KA was observed in one patient treated at the highest dose (20 mg/kg). Notably, this lesion regressed with treatment completion. Furthermore, M7824 treatment did not cause enhanced cytokine release (85) . Given the favorable tolerability of M7824 in cancer patients (85) , we believe that this bifunctional fusion protein is an attractive candidate for inclusion in combination therapy regimens. We have confirmed this in our murine models, in which combining M7824 with radiotherapy or chemotherapy enhanced antitumor activity. Combination with M7824 may be particularly beneficial in radiation therapy regimens in which resistance to treatment is often associated with abnormal TGF- signaling and up-regulated PD-L1 expression. Both TGF- signaling inhibitors (86) (87) (88) and anti-PD-1/PD-L1 (55, 56) have separately been shown to increase sensitivity to radiation therapy in cancer models. In addition, TGF- and PD-1 blocking antibodies in combination with radiation treatment led to an increase in complete regressions and a decrease in tumor recurrence in the 4T1 murine breast cancer model relative to radiation combined with either antibody alone (89) . These results suggest that the combination of radiation therapy with M7824 may be beneficial. Radiation-induced fibrosis and activation of fibroblasts also have been implicated in mechanisms of resistance (90) , as well as therapy-induced injury to normal tissue (91, 92) . In our models, M7824 treatment enhanced the efficacy of radiation therapy and the abscopal effect. Our results suggest that M7824 treatment may be particularly effective in combination with therapies that increase TGF- signaling, such as radiation therapy, by addressing resistance mechanisms and reducing fibrosis-related toxicities. M7824 therefore has the potential to improve not only upon the impressive clinical efficacy of anti-PD-1 or anti-PD-L1 agents but also upon com binatorial approaches involving anti-PD-1 or anti-PD-L1 inhibitors, which are often plagued by serious tolerability concerns (20, 93) .
Finally, the demonstrated capacity of M7824 to efficiently and specifically deplete all three TGF- isoforms allays concerns that a TGF-RII-based trap may not effectively impair TGF-2-dependent signaling, which occurs in some tumor types despite TGF-1 being the predominant form in the tumor microenvironment (57, 94) . Our results contrast with previous findings showing that soluble TGF-RII binds TGF-1 and TGF-3 but not TGF-2 (43). These differences can be explained by the stoichiometry of TGF- binding to the TGF-RII extra cellular domain (one dimeric ligand can bind two receptor molecules). When TGF-RII is in a dimeric configuration, as occurs in the M7824 molecule, binding avidity to the TGF- homodimer is several orders of magnitude higher than the intrinsic binding affinity (95) . T cells (n = 5 mice). Tumor volumes are presented as mean ± SEM. **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 denote a significant difference relative to radiation + M7824 treatment or Ox/5-FU + M7824 treatment. Tumor weights are shown for individual mice, with lines representing the means, and they were compared by unpaired t test. IFN- ELISpot data are means ± SEM of three replicates and were evaluated by two-way ANOVA.
In conclusion, M7824 elicited potent and superior antitumor activity in preclinical models via the simultaneous blockade of two key immune suppression pathways. Targeting two pathways using a bifunctional molecule such as M7824 has strategic advantages relative to the traditional approach of combining two single agents. Bifunctional molecules can be combined more practically with additional therapies to target three or even more pathways to enhance clinical benefit. In light of these highly encouraging preclinical observations in mice, M7824 has entered clinical development. On the basis of its safety profile and early evidence of clinical activity from phase 1 doseescalation studies (85), M7824 is being investigated in phase 1 expansion studies in patients with advanced solid tumors (NCT02517398 and NCT02699515).
MATERIALS AND METHODS

Study design
This study was designed to evaluate the preclinical efficacy of M7824 in multiple tumor types. This objective was addressed by (i) determining whether M7824 could bind simultaneously to PD-L1 and TGF- and inhibit both pathways in vitro, (ii) evaluating differences in tumor growth and metastasis between treatment groups in mouse tumor models, (iii) assessing whether M7824 could extend survival and provide protective antitumor immunity in vivo, (iv) evaluating the innate and adaptive immunophenotypic signature of the spleen and tumor tissue between treatment groups, and (v) determining whether M7824 was effective when combined with radiotherapy or chemotherapy in mouse tumor models.
In animal studies, all treatment and control groups had about 10 mice per group (specified in the figure legends) and were randomized according to tumor volume at the start of treatment. The primary end points were survival and tumor size. Body weight was measured twice weekly, and mice were euthanized when tumor volume exceeded 12.5% of their body weight (≈2500 mm 3 ). All procedures were performed in accordance with institutional protocols approved by the Institutional Animal Care and Use Committee of EMD Serono Research and Development Institute. All in vitro and in vivo results are representative of two to five independent experiments.
Statistical analyses
Statistical analyses were performed using GraphPad Prism Software, versions 5.0 to 7.0. Tumor volume data are presented graphically as means ± SEM. For other in vivo studies, symbols represent data from individual mice; the horizontal line across each treatment group represents the mean. To assess differences in tumor volumes between treatment groups, tumor volume data were log-transformed, and two-way analysis of variance (ANOVA) was performed, followed by Tukey's multiple comparison test. A Kaplan-Meier plot was generated to show survival by treatment group, and significance was assessed by log-rank (Mantel-Cox) test. An unpaired t test with Welch's correction was performed to assess differences in tumor weights between treatment groups. Two-way ANOVA with Tukey's multiple comparison tests was used for ELISpot analyses and comparing anti-pSMAD staining between groups at different time points. An unpaired, two-tailed t test was used to compare treatment groups in immunophenotyping analyses. For anti-CD8a IHC of tumors, P values were determined by Kruskal-Wallis test. For in vitro analyses, nonlinear regression was performed, and EC 50 or IC 50 values were determined.
For RNA-seq analysis, signature score P values were determined with the ROAST method (96) .
For all other Materials and Methods, see the Supplementary Materials.
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